To test the hypothesis that direct contact between sympathetic neurons and myocytes regulates expression and function of cardiac Ca channels, we prepared cultures of neonatal rat ventricular myocytes with and without sympathetic ganglia. Contractile properties of myocytes were assessed by an optical-video system. Contractility-pCa curves showed a 60% greater increase in contractility for innervated myocytes compared with control cells at 63 mM [Cab (n = efficacy of Bay K 8644 was maintained for at least 24 h after denervation produced by removal of ganglia from the culture. Dihydropyridine binding sites were assessed with the L channel-specific radioligand 3[HJPN200-110. PN200-110 binding sites were increased by innervation (51±5 to 108±20 fmol/mg protein, P < 0.01), with no change in KD. Peak current-voltage curves were determined by whole-cell voltage clamp techniques for myocytes contacted by a neuron, control myocytes, and myocytes grown in conditioned medium. Current density of Ltype Ca channels was significantly higher in innervated myocytes (10.5±0.4 pA/pF, n = 5) than in control myocytes (5.9±03 pA/pF, n = 8, P < 0.01) or myocytes grown in conditioned medium (6.2±0.2 pA/pF, n = 10, P < 0.01). Thus, physical contact between a sympathetic neuron and previously uninnervated neonatal rat ventricular myocytes increases expression of functional L-type calcium channels as judged by contractile responses to Cao and Bay K 8644, as well as by electrophysiological and radioligand binding properties. (J.
Introduction
Cardiac L-type calcium channels play a crucial role in excitation-contraction coupling. Modulation of L-type calcium channel expression may influence the inotropic state of the heart. However, little is known about molecular and cellular mechanisms that regulate the abundance of calcium channels. The L-type calcium channel is a heteromeric protein with a1, a2, f, y, and 5 subunits (1) . The a, subunit is believed to provide the pore for Ca2' entry and contains the binding site for dihydropyridine calcium channel antagonists and agonists. Recently, Barnett et al. (2) developed a method for the study ofthe effect ofco-culture ofciliary ganglia and embryonic chick heart cells on the parasympathetic response of the heart. To gain an enhanced understanding offundamental mechanisms that regulate the number of cardiac calcium channels present on a myocyte, we adapted this method to test the hypotheses that the presence of sympathetic neurons increases abundance of L-type calcium channels in myocytes in vitro, and that an increase in calcium channel number is physiologically important.
It is clear that the function ofexisting calcium channels can be modulated by neurotransmitters and hormones (3) . Agonist binding to f3-adrenergic receptors leads to phosphorylation of calcium channels and an increase in calcium channel current (3, 4) . However, the effect of the process of sympathetic innervation on the expression ofthe L-type calcium channel al subunit gene product is unknown. Several lines ofevidence suggest that cation channel expression might be altered by innervation. For example, Marsh and Allen (5) found that during ontogeny ofthe avian heart, shortly after ingrowth ofsympathetic nerves, there was a marked increase in number of dihydropyridine (DHP)1 binding sites. Offord and Catterall (6) found that electrical activity and cyclic AMP can regulate mRNA-encoding sodium channel a subunits in muscle cells.
The in vitro model system for co-culture of sympathetic ganglia and ventricular myocytes used in this study permitted selection of the cell type under study and examination of the role of cell contact and denervation in regulation of calcium channel expression. Our findings demonstrate that direct contact with myocytes by sympathetic neurons does lead to an increase in expression of functional L-type calcium channels.
Methods
Culture of neonatal rat ventricular myocytes. Neonatal rats (1 d old) were deeply anesthetized with ether and killed by decapitation. Hearts were removed, trimmed of cormective tissue, and minced into fragments of 3 mm3. Myocytes were dissociated by cyclic trypsinization (0.25% trypsin solution) in Hanks' balanced salt solution. After centrifugation at 800 g for 5 min, cells were suspended in Dulbecco's modified essential medium containing 7% fetal calf serum (FCS) and antibiotics (gentamicin, streptomycin, penicillin) and were preplated (1 X 106 cells/ml, 50-mm culture dishes) for 60 min in a humidified 5% C0J95% air atmosphere at 370C. Cells were plated at 1 X 106 cells/ml in 35-mm culture dishes on 12-mm circular coverslips in the same culture medium. Cell cultures were maintained in a humidified 5% C0J95% air atmosphere (370C).
Co-culture of neonatal rat supracervical sympathetic ganglia with ventricular myocytes. Cultures were prepared by a modification ofthe method ofAtkins and Marvin (7) and by a modification ofthe method of Barnett and Galper (2) . After sacrifice of l-d-old neonatal rats, supracervical sympathetic ganglia were removed aseptically and placed in culture dishes that contained Hanks' salt solution. The ganglia were dissected free from associated tissue and cut into 1-mm3 fragments.
The ganglia were plated on 12-mm circular, collagen-coated (type I, from adult rat tail tendons) coverslips in 35-mm culture dishes. Ganglia were incubated with a small volume ofculture medium in a humidified 5% C0J95% air atmosphere at 370C for 2-3 h during which time the ganglia attached to the substrate. At this time freshly dissociated rat ventricular myocytes (1 X 106 cells/ml) were added to the culture dishes containing ganglia. Myocyte-ganglion co-cultures were incubated as above.
Assessment ofneuroeffector transmission. Neuroeffector transmission ofsympathetic neurons was assessed physiologically by direct electrode stimulation of ganglia with axons terminating on ventricular myocytes. A platinum electrode was placed directly on a ganglion and short unipolar pulses (3-4 Hz, 3 ms in duration) were delivered. Myocytes were continuously superfused with Hepes-buffered solution containing (mM): Hepes, 5.0; CaCl2, 0.9; KCI, 4.0; NaCl, 140; MgCl2, 0.5. The frequency ofcontractions ofthe myocytes contacted by axons was recorded by an optical video system as previously described in detail (8) , and a signal indicating electrical stimulation was recorded concurrently.
Measurement ofcontractile responsiveness ofmyocytes. Contractile responses to Ca2' and (±)Bay K 8644 were measured after 3 or 4 d in culture. The cells were electrically stimulated (2.5 Hz), and were stabilized for at least 15 min before exposure to graded, increasing concentrations ofCa2" (0.3, 0.6, 0.9, 1.8, 3.6, 5.4, 6.3 mM), or (±)Bay K 8644 (10-9 to 10-6 M). For each cell, contractile response to Bay K 8644 was assessed in Hepes buffer containing the ECO concentration of Ca2".
Maximal amplitude ofcontraction was measured for each cell using the EC1oo concentration of Ca2'. Medium was superfused at 1.0 ml/min. (Fig. 1 d) . By 24 h after removal of ganglia, virtually all axons had disappeared ( Fig. 1 e) . Thus, innervation and dener-vation could be accomplished in vitro by this co-culture approach.
To determine whether true functional innervation could occur between the ganglia and myocytes, a microelectrode was placed adjacent to a ganglion and the motion of an innervated myocyte was tracked. A ganglion was stimulated and as can be seen in Fig. 2 , stimulation ofa ganglion produced an increased frequency of contraction of the innervated cell, with 1:1 coupling. Ganglion-myocyte coupling could be maintained for at least 5 min. Ifstimulation was stopped for 5 min then restarted, ganglion-myocyte coupling again was evident. If stimulation was stopped and the cells superfused with 1 uM propranolol for The axon in the center of the field appears to be degenerating and has abnormal morphology. (e) Same myocytes as in c and d, 24 h after removal ofganglia. It is evident that the axon has entirely degenerated at this point. 5 min, ganglion-myocyte coupling was abolished in each of seven experiments. However, in the presence of propranolol, even though ganglion stimulation could not produce myocyte contractions, if myocytes were directly stimulated by an electrode placed close to the cell, a contractile response could be easily produced. Thus, it appears likely that there is a stimulatory neurotransmitter (presumably norepinephrine) being released from the axon with physiological response by the myocyte.
Response to [Ca2+] (Fig. 4 a) dissection and 8 and 24 h later cells were tested for Ca channel function. 8 h after ganglia removal, most axons were no longer visible, and those that were visible appeared to be degenerating (Fig. 1 d) . When studied 8 h after removal ofganglia, myocytes that had previously been innervated maintained their robust contractile response to Bay K 8644 and to [Ca2+]0 (Fig. 6 a) .
Cells were maintained in culture for up to 24 h after denervation. Contractile responses of previously innervated myocytes was again assessed (Fig. 6 b) . The contractile response to Bay K 8644 remained augmented and indistinguishable from myocytes that had not undergone denervation. Thus, the factor(s) that account for the enhanced contractile response to extracellular calcium and to a calcium channel agonist subsequent to innervation appear to turn over slowly and to remain functionally unchanged for at least 24 h after denervation. Innervation may be producing irreversible commitment of the cell to an altered phenotype that is more highly differentiated. Longer-term observations after sympathetic denervation will be necessary to resolve this possibility.
DHP binding sites. To determine whether sympathetic innervation alters the number of L-type calcium channels as determined by DHP binding, equilibrium binding experiments were performed with the DHP antagonist ligand 3H(+)-PN200-1 10. Assays were performed on membranes from control myocytes and from myocytes co-cultured with ganglia for 72 h followed by denervation for 8 h. Denervation was performed before the assay to ensure that DHP binding sites on neurons were not being detected (Fig. 7) . PN200-110 bound to membranes with a single affinity state and with acceptably low nonspecific binding (nonspecific binding was < 25% of total at the KD); binding was saturable. Computer analysis of equilib- cytes, innervated myocytes and myocytes grown in conditioned medium. Calcium currents were measured as peak inward current in response to zero current. As an index ofcurrent density, we used cell current divided by cell capacitance (picoamperes per picofarad) to correct for variance in cell size. Care was taken to study single myocytes that were not in contact with other myocytes. Compared to control myocytes, innervated myocytes showed a significantly greater peak current density (Fig. 8) . The peak ofthe I-Vcurve was shifted slightly, from 0 mV for control myocytes to -10 mV for innervated myocytes. The I-V curve for myocytes grown in conditioned medium was indistinguishable from that for control myocytes. The current density of L-type calcium channels is summarized in Fig. 8 c. On average, the current density at Vm = -10 mV for innervated myocytes was 10.5±0.4 pA/pF, whereas for control myocytes it was 4.5±0.4 pA/pF (P < 0.01). Inactivation of L-type calcium currents was investigated (Fig. 9 ). There was a significant difference in voltage for half-inactivation ofcurrent from innervated and control myocytes (P < 0.01). Cells grown in conditioned medium were indistinguishable from noninnervated cells. Thus, at a given holding potential the innervated myocytes had more calcium channels available for activation.
Discussion
The principal finding of this study is that physical contact between a sympathetic neuron and ventricular myocytes in vitro produced increased expression of functional L-type calcium channels. This direct physical contact by a sympathetic nerve axon (physical innervation) appears to be essential; cells grown in medium conditioned by growth of myocytes and sympathetic ganglia did not demonstrate increased expression of Ltype calcium channels.
There are three lines ofevidence to support the conclusion that innervation increased L-type calcium channel expression. First, innervated myocytes showed a markedly increased contractile response to [Ca2+]0. While this effect is consistent with increased calcium channel expression and an increase in calcium channel-dependent calcium flux leading to greater re- (13) . Moreover, it is distinctly possible that more than one component of the excitation-contraction coupling pathway is altered by innervation. Second, to test more directly the hypothesis that innervation produced an increase in expression of L-type calcium channels, ligand binding studies were conducted. Membranes from myocytes grown in the presence ofganglia showed a twofold increase in DHP binding sites compared to controls. There was no change in KD for dihydropyridine binding consistent with no change in EC50 for BAY K 8644 contractile response.
Quantitation of the increase in DHP binding sites is subject to certain limitations. First, axons made direct contact with only 20-50% of the cells in a culture plate. Thus, if direct contact was necessary to produce an increase in calcium channel a, subunit expression, the directly contacted cells might have a much greater increase in DHP binding site number than that determined by assaying the entire population of cells. Typically, each innervated myocyte appears to be coupled physi- Holding Potential (mV) Figure 9 . Inactivation of L-type calcium current. Inactivation of Ltype calcium current was studied for noninnervated cells (o) and innervated cells (X) by measuring Ca2+-activated current at +20 mV from various holding potentials. The Ca2`current was normalized to peak current elicited from a holding potential of -80 mV. (15) , so that ligand binding studies with a DHP ligand and patch clamp studies provide complementary data on the same structures.
The model system for the in vitro innervation experiments deserves comment (2, 7, 16) . Ventricular myocytes were cultured from l-d postnatal rat hearts. Although autonomic neurons are present in the rat heart during embryonic cardiac organogenesis, functional innervation does not develop until after birth (17) . Functional adrenergic transmission in the rat heart can be detected consistently 1 d after birth, but development of mature adrenergic innervation is further delayed until 21 d after gestation (17) . Thus, the studies reported here were conducted on myocytes that had at most a brief exposure to sympathetic neurotransmitters in vivo.
A possible confounding factor for in vitro innervation studies is that upon prolonged tissue culture, rat sympathetic neurons are known to develop the ability to synthesize and accumulate acetylcholine and lose their ability to synthesize norepinephrine (18) . However, it takes 2-4 wk in vitro for the transition from sympathetic to parasympathetic properties to occur. Our studies were conducted at 72-96 h in vitro, making this effect unlikely. Moreover, we were able to demonstrate (Fig. 2 ) that stimulation of ganglia produced an increase in frequency of contraction that is a typical sympathetic neurotransmitter response.
While it is evident that co-culture of sympathetic ganglia with myocytes produces physical association (Fig. 1) , with a concomitant change in spontaneous beating rate and an increase in calcium channel expression and function, we cannot be absolutely certain in this in vitro system functional sympathetic neuroeffector transmission has been achieved. Clearly neuron-myocyte contact produces important changes in the myocyte. The responsible effector(s) are being sought.
A distinct advantage ofthe neuron-myocyte co-culture system is that the response of specific myocytes could be determined after innervation or denervation. In the intact ventricle, myocytes comprise a numerical minority ofcells, so that ligand binding studies or physiologic studies reflect the responses of neural, vascular, and connective tissue elements as well as ventricular myocytes. In vitro sympathetic innervation models have been reported by several laboratories (7, 16, 19) . A particular advantage of our approach using relatively large ganglia rather than finely minced neural tissue in culture is that it permits the examination of denervation in vitro by allowing removal or degradation of virtually all neural tissue (2) .
An additional important finding of this study is that after denervation for at least 24 (8, (20) (21) (22) . Thus, innervation-induced events analogous to those occurring during normal maturation of neonatal myocytes is a unifying hypothesis that might explain many of these observations (23, 24) .
It is of note that myocytes grown in conditioned medium did not demonstrate increased numbers of functional calcium channels. Direct contact by a sympathetic neuron appears to be required for this effect. This observation suggests that the trophic influence of the neural element is confined to the cell(s) in contact with it, or that the factor(s) released by the sympathetic nerve does not diffuse beyond the synaptic cleft into the culture medium in concentrations sufficient to produce a trophic effect on other myocytes. What signal might be produced by direct contact with the sympathetic nerve to produce increased expression of L-type calcium channels? Neurotransmitter(s) that induce differentiation (22, (25) (26) (27) or that might alter Gprotein expression (2, 19, 28) 
